A high-resolution apparatus designed to study the structural and dynamical surface properties is described. The apparatus combines the thermal energy He atom-and the low energy ion-scattering techniques both with time-of-flight detection of the scattered fraction. The energy spread of the supersonic He beam is less than 100 eV at source temperatures below 35 K. The source temperature can be varied between 22 and 300 K to perform elastic, inelastic, and quasielastic scattering studies over a broad range of incident energies. The scattered beam is detected by a homemade quadrupole mass spectrometer designed to have high efficiency for He. The ion source works between 2 and 5 keV and the ion beam is mass selected by a Wien filter which also separates the transmitted ions from fast neutral species. The beam is detected at a scattering angle of 160°and therefore neutral impact collision ion scattering spectroscopy studies can be performed. The base pressure in the target chamber is in the 10 Ϫ11 mbar range. The capabilities of the apparatus are tested, and the evolution of surface disorder on Ag͑110͒ up to 800 K is characterized.
I. INTRODUCTION
Sophisticated and sensitive experimental techniques are required to investigate the structural and dynamical properties of surfaces. In fact, a detailed knowledge of these properties provides a deeper understanding of complex surface phenomena which are of fundamental interest for many applications, e.g., in nanotechnology to control atomic/ molecular self-organization. Moreover, the knowledge has to be gained over a broad temperature range since the structure as well as the dynamics of the bare surface change with the temperature. This often leads to an evolution of the morphology or even to a loss of stability in nanostrucured systems.
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Theoretically and experimentally, it has been shown that as a result of increasing temperature surface defects proliferate, anharmonic vibrations and atomic diffusion are strongly enhanced, and the surface may roughen and melt ahead of the bulk. 3 To gain a whole insight into this large class of phenomena it is useful to investigate the local and the long range surface order simultaneously with high spatial and energetic resolution. To this aim, we have designed and constructed an experimental setup which combines the thermal energy atom scattering ͑TEAS͒ technique with low energy ion scattering spectroscopy ͑LEIS͒, both of them with time-of-flight ͑TOF͒ detection. These techniques are truly complementary since they provide reciprocal and real space information, respectively. TEAS is a well established diffraction technique strictly sensitive to the first surface layer. The most used probe is the helium beam with a wavelength of the order of 1 Å. He atoms are scattered by the tail of the surface electronic density a few angstroms above the topmost atomic cores. Therefore any perturbation or damage of the sample is excluded making TEAS a well suited technique to investigate surfaces covered with weakly bound or reactive adsorbed species. 4 -6 Since the probe is neutral, TEAS also provides information on the structure of conductive long range ordered systems as well as insulating ones. [7] [8] [9] The introduction of the TOF detection makes TEAS also useful to investigate details of the surface lattice dynamics [10] [11] [12] [13] [14] [15] and to study thermally disordered surfaces giving, for instance, information on diffusion, roughening, and melting mechanisms. 16 -19 The LEIS technique is sensitive to the local properties of the surface because at beam energies above 1 keV the incoming ion wavelength is orders of magnitude smaller than the crystal lattice parameter. Hence the scattering process is not affected by coherence effects and can be classically described. With the introduction of TOF detection both charged and neutral scattered particles can be collected. This strongly enhances the sensitivity of the technique leading to a noticeable lowering of the ion dose used to perform measurements. Thanks to this improvement and because of the reduced penetration depth limited to a few atomic layers, LEIS is widely used to investigate the structure of clean and adsorbate covered metal and semiconductor surfaces. In particular, it provides information on nearest and next nearest neighbor distance, on the adsorption sites, and on the surface chemical composition. 20 The technique is also employed to study the evolution of the surface structure and dynamics with temperature. Indeed, the short range defect concentration and the lattice vibration amplitude can be measured up to the bulk melting point. [21] [22] [23] In this article we describe the scattering apparatus, and we report test measurements performed with both techniques on the ͑110͒ surface of silver in the temperature range between room temperature and 800 K. In particular, we point out how the complementary information provided by LEIS and TEAS gives a complete picture of the evolution of the a͒ Author to whom correspondence should be addressed; electronic mail: bracco@fisica.unige.it structural and dynamical properties of the outermost surface layers.
II. APPARATUS

A. General description
The apparatus consists of three main different parts: the supersonic He source chamber ͑C1͒, the experimental chamber, and the detector chamber. There is a fourth small chamber which houses the He atom beam monitor ͑CM͒. The latter is particularly useful during the alignment procedure of the He atom beamline. Figure 1 displays a schematic top view of the apparatus. The section is made at the scattering plane level. We note that the experimental chamber is further divided into three different stages: C2, C3, and C4. The stage C3 is a box welded at the lower half of the experimental chamber. This provides more space at the upper level of the stage C4 which can be accessed by the sample. The usual surface cleaning-checking facilities ͓ion gun, Auger electron spectroscopy, and low-energy electron diffraction ͑LEED͔͒ and the residual gas analyzer reside here. The detector chamber is divided in four stages: C5, C6, C7, and C8. The whole system can be separated into four sections by means of three gate valves positioned as shown in Fig. 2 . In particular, the homemade valve between C2 and C3 has been specially designed with reduced thickness in order to be mounted inside the chopper chamber. This modular design allows maintenance and repairing operations in a section without breaking the vacuum in the remaining sections of the apparatus. All the pumps connected to the different chambers are turbomolecular pumps except for the He source stage. In fact, C1 is pumped by a baffled diffusion pump baked by a blower and a rotary pump. The pumping speed in C1 can be further increased by ϳ30% with the turbomolecular pump T1. The rough ports of the turbomolecular pumps are generally connected to another turbomolecular pump to increase the compression ratio for He. This is useful especially for the detector chamber where a very low He partial pressure is required to obtain a satisfactory signal-to-noise ratio. The base pressures in stages C1-C8 with the He-beam on and off are reported in Table I along with the corresponding pumping speeds.
B. Sample manipulator
The sample S is located at the center of the experimental chamber in the stage C4. The molybdenum sample holder is mounted on a manipulator which allows three rotational and three translational degrees of freedom. The vertical translation moves the sample between the upper service space and the scattering plane level of the chamber. The two horizontal translations allow the precise alignment of the crystal surface at the intersection of the incident He and ion beams and the FIG. 1. Schematic cross section of the apparatus at the scattering plane level. The supersonic He beam expands from the source into the stage C1, hence it is mechanically chopped in C2. The pulsed ion beam is produced in C3. The sample S is mounted at the intersection of the two beams in C4 which also houses the microchannel plates that collect the backscattered ions and neutrals. The scattered He beam passes through the differentially pumping stages C5 and C6 and is detected in C7 and C8 by a homemade detector. The latter is composed of a high efficiency electron impact ion source ͑IR͒ and a quadrupole mass spectrometer ͑QMS͒. Another He beam detector is housed in CM to monitor the incident He beam.
FIG. 2.
Diagram of the pumping system. In detail, the turbomolecular pumps are labeled with T or TB ͓backing pumps of the experimental chamber (E) and of the detector chamber (D)]. The diffusion pump is indicated with D, the mechanical blower with B, the rotary pumps with R, and the diaphragm pump with DP. The vacuum gauges of the safety control system of the apparatus are labeled with g. The gate valves ͑GVs͒ separate the apparatus in four sections.
TABLE I. Pressure of the stages C1-C8 measured in different conditions by using ionization gauges. The base pressure and the pressure measured when the He flow through the nozzle is ϳ1 mbar l/s are shown in the second and third column, respectively. The source temperature is 35 K. No correction factor is introduced to take into account the sensitivity of the ionization gauge to different gases. The right column reports the pumping speeds of the baffled diffusion pump, D1, and the turbomolecular pumps T2-T8. two detector axes. The crystal can be tilted by Ϯ2°to set the surface normal in the scattering plane ͑tilt angle ͒, can be rotated by 360°around a vertical axis to change the incident angle ͑polar rotation ͒, and can be rotated by 110°around the surface normal to change the crystal direction within the scattering plane ͑azimuthal rotation ͒. The three rotations are driven by stepper motors controlled by a personal computer. The resolution and accuracy are a few hundredths of degree for and rotation while they are slightly better than 0.01°for the polar rotation. The crystal holder is linked to the bottom of a liquid nitrogen cryostat by means of a copper braid that is in contact with the cryostat through a sapphire disk. In this way the sample is electrically insulated from the apparatus and the ion current on the crystal can be measured. The sample holder is heated by electron bombardment and the sample temperature can be varied in the range 160-1000 K. The crystal temperature is measured by a K-type thermocouple. The temperature controller that drives the power supplied to the heating filament is interfaced to a personal computer.
C. He atom beamline
The supersonic He source assembly is shown in detail in Fig. 3 . The nozzle is cooled down to ϳ20 K by a two stage cold head 24 and heated up by two resistive heaters. The source temperature is read by a platinum thermometer and kept stable within 0.02 K in the range 22-300 K by means of a temperature controller. 25 A mount with two rotational degrees of freedom and three translations allows a careful alignment of the nozzle with respect to the skimmer as well as changes of the nozzle-skimmer distance, d ns . The pressure at the blower's inlet is measured with a capacitance diaphragm gauge and this value is multiplied by the pumping speed of the blower itself to evaluate the nozzle He flow. The maximum flow at the roll off pressure of the diffusion pump is about 5 mbar l/s. The He beam which enters C2 is chopped in short pulses by a rotating slotted disk at ϳ20 cm from the skimmer tip. The disk is mounted on the axis of a synchronous motor driven by a controller whose frequency is stabilized within 0.01% by means of a quartz-controlled oscillator. The influence of frequency fluctuations on the measured time distribution of the beam is therefore negligible. When the synchronous motor rotation is phase locked with the controller, the motor frequency f can be varied in the range between 250 and 800 Hz. Two sequences of slits are machined on the periphery of the chopper disk at an angular distance of 180°. Each sequence consists of three slits corresponding to duty cycles of 5%, 2%, and 1%. The shortest opening time is ϭ4.3 s at f ϭ800 Hz. To select the optimal duty cycle, the motor is mounted on a translation stage driven by a feedthrough. A LED-photodiode assembly mounted on the translation stage generates the reference signal for the acquisition system. Afterwards, the He beam is collimated by two small holes at both ends of the stage C3 before hitting the sample. The scattered beam enters the detector chamber mounted at t ϭ110°with respect to the source axis. Here, it goes through the differentially pumped stages C5 and C6, it is ionized in C7, and is mass selected in C8. The ionizer has been designed with two lenses which focus the electrons emitted from the hot filament within a small ionization region. This design is similar to that of Ref. 26 . In fact, high-resolution measurements require a short length L of the ionization region because it provides a contribution ⌬t D ϰL to the time spread of the measured beam. Trajectory simulations within the present geometry suggest an ionization length of about 4 mm. The He ϩ ions are mass selected by a homemade quadrupole mass filter analyzer designed to work on low masses ͑up to 20 amu͒ with a transmission greater than 95% at mass resolution ϳ10. To fulfill these requirements, quadrupole rods with 30 mm radius have been used for the construction of the mass filter. At the mass filter exit, a repeller electrode deflects the ions on the first dynode of an electron multiplier. The multiplier output signal is amplified, discriminated, and fed to a multichannel scaler. The channel width is set to 1 s with a negligible dead time between the channels. 27 After averaging the signal over as many as 10 6 repetitions, the TOF distribution is stored in the personal computer that controls the sample temperature and the angular positions. Figure 4 displays the geometry of the beamline along with collimator diameters and distances.
D. Ion beamline
The noble gas ion beam is produced and accelerated up to 5 keV by a differentially pumped commercial ion gun with FIG. 3 . Schematic cross section of the C1 stage. The He stagnation chamber, the two stages cooling system, and the thermal links to the gas line are shown. The stainless steel tubing is wounded on the first stage of the cold head and hence on a copper bar in good thermal contact with the second stage to precool the gas. The stagnation chamber is made of copper and is linked to the second stage by means of a copper braid in order to reduce the transmission of mechanical vibrations generated by the refrigerator to a negligible level. The translational and the rotary motion drives that support the stagnation chamber are also shown.
an out-of-sight electron impact ionization source. Thereafter, the beam is mass selected by an off-axis Wien filter which stops fast neutrals, focused by two cylindrical lenses, and deflected by two couples of plates. 28 Short ion pulses with duration у50 ns and repetition rates up to 50 kHz are produced by deflecting the beam across the entrance of a skimmer. The appropriate pulsing sequence is described in Figs. 5 and 6. Then, an Einzel lens focuses the pulsed beam on the sample while another couple of deflection plates corrects for any misalignment of the beam. The average current on the sample is ϳ0.1 nA with a spot diameter of about 1.0 mm. The scattered particles ͑neutrals and ions͒ are detected in the backscattering geometry at an angle of 160°with respect to the source axis. The detector consists of two microchannel plates in a V-stack assembly set ϳ1 m far from the surface. The detector full acceptance angle is 0.6°. The signal is acquired with the same multichannel scaler used on the atom beamline but with a 200 ns channel width. The acquisition chain is also sketched in Fig. 5 .
III. CHARACTERIZATION OF THE BEAMLINES AND TEST OF THE APPARATUS
A. Performances of the supersonic He source
The He-atom beamline has been initially tested with the detector mounted in the position of the He beam monitor. In this configuration, the skimmer-ionizer distance is ϳ169 cm. Time-of-flight spectra have been collected at different nozzle-skimmer distances to determine the best working condition for the He source. For each value of d ns , the source temperature, T 0 , and the source absolute pressure, P 0 , have been varied in the range 20-80 K and 2-16 bar, respectively. The spectra have been analyzed to estimate the parameters of the beam distribution, i.e., the most probable energy, the energy width, and the intensity of the He beam. This has been performed by fitting each spectrum with the sum of a constant, which represents the He background in the detector stage, and a function f describing the distribution of the Heatom beam. This function is the Maxwellian distribution converted in a time-of-flight scale, f (t)ϭA(t 0 /t) 5 exp͕Ϫ͓(t 0 /t) Ϫ1͔ 2 / 2 ͖, where A, t 0 , and are the fitting parameters. 29 The peak is integrated to estimate the beam intensity while the contributions of finite chopper opening time ͑͒ and ionization time length (⌬t D ) are subtracted from the measured full width at half maximum of the peak (⌬T exp ) to obtain the intrinsic time spread of the beam (⌬T B ):
⌬T B is finally used to calculate the incoming beam energy width ⌬E. 30 The results at d ns ϭ20 mm are reported in panels ͑a͒ and ͑b͒ of Fig. 7 . The highest intensity is obtained at source parameters P 0 ϭ13 bar and T 0 ϳ60 K corresponding to ⌬Eϳ200 eV. On the other hand, an energy width less than 100 eV is achieved at temperatures below 35 K and Fig. 6 for details͒ the beam sweeps over the skimmer entrance and an ion pulse having a time width between 50 and 100 ns is generated. On the rising edge of V xp , a trigger signal is sent to the multichannel scaler ͑MCS͒ which starts the time-of-flight data acquisition. Once completed, the measured spectrum is stored on the hard disk of a personal computer. P 0 р4 bar with a beam intensity still greater than 30% of the maximum value. Moreover, panels ͑a͒ and ͑b͒ of Fig. 7 show that for each given P 0 there is a temperature where ⌬E presents a minimum which approximately corresponds to a maximum of the intensity. In panel ͑c͒, the measured beam energy widths at P 0 ϭ4 and 6 bar are compared with the theoretical results obtained by using the moment method of Ref. 31 to solve the Boltzmann equation for a free jet expansion. Calculations are performed assuming an ellipsoidal velocity distribution function 32 and an analytical He-He van der Waals potential based on perturbation theory. 33 The influence of quantum effects on the flow properties is taken into account. 34 Deviations from theory are observed whenever the calculated beam temperature along the source axis decreases below ϳ10 Ϫ3 K during the expansion, that is at T 0 р40 K for P 0 ϭ4 bar and T 0 р50 K for P 0 ϭ6 bar. Measurements performed on the He 2 ϩ signal have shown that in these cases the dimer ion fraction is greater than 2ϫ10 Ϫ4 . 35 This suggests that the corresponding cluster concentration together with residual gas scattering during the expansion contribute to the beam heating which is observed as an increase of the energy width. 36 The detector chamber has been finally mounted in the configuration shown in Fig. 1 . Measurements performed on the ͑110͒ surface of silver along the ͗110͘ azimuthal direction are shown in Fig. 8 . The incoherent elastic peak measured at two sample temperatures is compared with the apparatus response function estimated with the sample held at room temperature. 37 Above 600 K a slight peak broadening of a few tenths of eV is observed. This is due to small energy transfers between the He beam and the adsorbed silver atoms diffusing along the surface. Measurements of the so-called quasielastic peak broadening at different temperatures and parallel momentum transfers provide information on the surface diffusion process. 19 In particular, an estimation of the surface diffusion coefficient Dϭ(9.1Ϯ0.4) ϫ10 Ϫ6 cm 2 /s is obtained at 650 K within the single jump diffusion model. The estimated value is in good agreement with the predictions of molecular dynamics simulations. 38 Assuming that the evolution of D with temperature is well described between 600 and 800 K by the usual Arrenhius law, an estimation of the energy barrier for hopping yields a value of (0.29Ϯ0.02) eV. This is, at least to our knowledge, the first quasielastic He atom scattering study of surface selfdiffusion in the intermediate temperature range, i.e., around half the bulk melting point (T mp ϭ1234 K for Ag͒.
B. Performances of the ion line
The ion beamline has been characterized on the same Ag͑110͒ sample in the temperature range between 300 and 700 K. An azimuthal pattern ͑intensity vs ͒ measured with 2 keV Ne ϩ ions at grazing incidence and slightly above room temperature is displayed in Fig. 9 . The deep minima are due to channeling effects along the main crystal directions and are typical for a well ordered fcc ͑110͒ surface structure shown in the inset. 39 From the angular position of the minima, a given azimuthal direction can be set in the scattering plane within Ϯ1°, and the evolution of the scattered intensity vs the incidence angle is measured to obtain neutral impact collision ion scattering spectroscopy ͑NICISS͒ spectra. Figure 10 shows the NICISS scans measured along the ͗001͘ azimuth at 500 K ͑inverted triangles͒ with 4 ͑a͒ and 2 keV ͑b͒ Ne ϩ beams, respectively. Two focusing peaks ͑1 and 3͒ are well resolved. As sketched in the inset, the structure at incidence angle around 50°can be mainly ascribed to particles focused by the first layer atoms on the third layer atoms. As a result of the beam energy , corresponding to P 0 ϭ6 bar, T 0 ϭ36 K. The parallel momentum transfer is ⌬K ϭ0.71 Å Ϫ1 , the total scattering angle is t ϭ110°. The dashed line represents the Gaussian response function of the He scattering apparatus. The overall energy resolution including contributions from finite chopping time window, finite ionization length, and the source velocity spread is ϳ285 eV, full width at half maximum. The solid line is the Voigt shaped peak which best fits the data.
increase, this feature gains intensity over that at lower incidence angle. We note that the structure ͑3͒ was scarcely visible in a previous experiment carried out at ϳ3 keV without neutral detection. 40 In Fig. 10͑b͒ , the evolution with temperature of the NICISS intensity measured with a 2 keV Ne ϩ beam is reported. It can be noted that the first focusing peak broadens because of the enhanced lattice mean square vibration amplitude. Moreover, scattering contributions which can be ascribed to surface defects like vacancies and adsorbed atoms appear at grazing incidence angle. 21 The increase of surface disorder also causes the third surface layer to become more visible. Information on the evolution with temperature of the mean square displacement of the top layer atoms is gained by fitting the first focusing peak within the two atom scattering model described in Ref. 23 . The best fits of the data are reported in Fig. 10͑b͒ as solid lines. In particular, surface lattice vibrations are proved to be harmonic up to ϳ600 K in good agreement with the results of molecular dynamics simulations, 41 and the estimated surface Debye temperature is ⌰ D ϭ(109Ϯ15) K. At higher temperatures, anharmonic contributions to surface lattice vibrations are detected along with an increase of the surface defect concentration.
IV. DISCUSSION
This article points out the peculiarities of a new experimental setup devoted to study structural and dynamical surface properties. LEIS and TEAS measurements performed on the ͑110͒ surface of silver show that up to 600 K lattice vibrations are harmonic and atomic diffusion is not detected. Above 600 K, LEIS results show an enhancement of the surface atom vibration amplitudes with respect to the prediction of the Debye model along with an increase of the surface defect density. This suggests that atoms of the topmost layer in their displacements from the equilibrium position are probing the anharmonic part of the potential and, with a finite probability, they can overcome the energy barrier for getting adsorbed onto the surface. Here they can diffuse causing the quasielastic broadening observed by He scattering. Estimations of the diffusion coefficient and the energy barrier for surface hopping in the temperature range between 600 and 800 K show a very good agreement with the calculated static energy barrier 42 and with STM results obtained below room temperature. 43, 44 FIG. 9. Azimuthal pattern for 2 keV, Ne ϩ ions scattered from Ag͑110͒ at surface temperature Tϭ400 K and incidence angle ⌿ϭ11°. In the inset, a top view of the Ag͑110͒ surface is sketched. Solid and empty circles represent the first and second layer atoms, respectively. The main crystal directions corresponding to deep minima are reported.
FIG. 10. NICISS polar scans for Ne
ϩ ions scattered from Ag͑110͒ along the ͗001͘ azimuth measured at different incident beam energy E b and surface temperature T: ͑a͒ E b ϭ4 keV, Tϭ500 K; ͑b͒ E b ϭ2 keV, T ϭ350 K (᭝); 500 K ٌ͑͒, and 700 K ͑᭺͒. The patterns are normalized to their maximum intensity and the incidence angle is measured with respect to the surface plane. Solid lines are the best fit curves to the data in the angular range up to 28°͑on the left of the vertical dashed line͒ and are calculated within the two atom scattering model described in Ref. 23 . In the inset, a section of the surface parallel to the scattering plane is reported showing the first and third layer surface atoms. The trajectories which mainly contribute to the 1 and 3 focusing peaks are also sketched.
